STRESS-INDUCED REPRODUCTIVE DYSFUNCTION is a common cause of infertility in women (36) . Our laboratory has developed a nonhuman primate model of stress-induced reproductive dysfunction in which female cynomolgus macaques that have 28-day menstrual cycles, like women, are exposed to a combination of mild psychosocial stress plus a moderate metabolic stress of reduced calorie intake, either with or without exercise (4 -6, 12-14, 16, 17, 28, 52) , based on clinical descriptions of the stressor (psychogenic and metabolic) levels in women seeking treatment for stress-induced amenorrhea (2, 25, 40) . Using this model, previous work in our laboratory has shown that monkeys differ in their sensitivity to stress-induced reproductive dysfunction (4, 12, 13, 52) , with some monkeys showing no impairment of reproductive function following exposure to mild combined stress (i.e., they are "stress resilient") and others showing marked sensitivity of the reproductive axis to stress (i.e., they are "stress sensitive"). Specifically, when exposed to mild combined psychosocial and metabolic stress (change in social environment plus reduced diet), monkeys can be categorized as stress sensitive (SS; they rapidly become anovulatory in response to stress), medium stress resilient (MSR; they slowly become anovulatory in response to prolonged stress), or highly stress resilient (HSR; they maintain normal menstrual cycles in response to stress) (4 -6, 12-14, 16, 17, 28, 52) . SS monkeys also show decreased estradiol concentrations in the follicular phase and decreased progesterone concentrations in the luteal phase of a normal menstrual cycle prior to any stress exposure (4) , indicating the reproductive axis is less robustly active than in more stress-resilient monkeys even in the absence of stress.
The underlying cause of stress-induced reproductive dysfunction in women is thought to be reduced central hypothalamic gonadotropin-releasing hormone (GnRH) drive to the reproductive axis (36) . This is based primarily on the widespread observation that women with this disorder have decreased LH pulse frequency (2, 3, 8, 21, 22, 25, 32, 34, 40, 47, 49) . Elevated activity of the hypothalamic-pituitary-adrenal (HPA) axis, as regulated by central corticotropin-releasing hormone (CRH) neurons, has been implicated in several studies of women with stress-induced reproductive dysfunction (2, 7, 11, 33, 35, 41) . In the companion article to this study (28a), we reported that although baseline activity of the HPA axis does not differ between monkeys with different sensitivities to stress-induced reproductive dysfunction, MSR ϩ SS animals do have an increase in daytime cortisol secretion following acute exposure to a mild psychosocial plus metabolic stress paradigm. Furthermore, we have reported that the most SS monkeys have an increase in CRH mRNA in the caudal region of the paraventricular nucleus compared with more stressresilient monkeys (17) . CRH neurons project to numerous places in the brain to regulate stress-related behaviors and other processes (38) . CRH signaling is mediated through the two CRH receptor (CRH-R) subtypes CRH-R1 and CRH-R2, which are thought to activate and terminate the stress response, respectively (20) . Since it appears that the CRH-R1 receptor is integral in mounting a physiological response to stress (20) , blocking the CRH-R1 receptor with a specific antagonist would be expected to attenuate the normal activation of the adrenal axis in response to acute stress. Thus, in this study we tested whether exposure to the combined stress of move plus moderate diet led to an acute suppression of reproductive axis activity (measured by examining pulsatile LH secretion) and whether a selective CRH-R1 antagonist could prevent the suppression of pulsatile LH secretion in MSR ϩ SS monkeys.
Antalarmin (a generous gift from the National Institutes of Health), originally developed by Chen (19) , is a small lipophilic nonpeptide compound that has been shown to penetrate the blood-brain barrier (27, 29) and selectively block CRH-R1 receptors. Antalarmin is related to the widely used CP 154,526, with the addition of a methyl group to improve lipophilicity and penetration of the blood-brain barrier (51) . The lipophilic nature of this drug is believed to result in wide distribution to various brain regions involved in the regulation of stress-related behavior and neuroendocrine function (27) . Some studies have reported that antalarmin blocks stressinduced ACTH and cortisol release (9, 51) and stress-induced behaviors (23, 43) in the rodent. In the nonhuman primate, Habib et al. (27) reported that orally administered antalarmin (20 mg/kg po) attenuated social stress-induced increases in ACTH and cortisol and stress-related behaviors in male rhesus monkeys, a finding recently corroborated in the marmoset (24) . In contrast, intravenously administered antalarmin was reported to reduce CRH-induced elevations in ACTH, but not cortisol, when given to rhesus monkeys at doses of 1.0, 3.2, and 10 mg/kg iv (10) . In this study, we tested the ability of intravenous antalarmin to prevent the acute stress-induced suppression of pulsatile LH secretion in the combined group of MSR ϩ SS monkeys.
METHODS AND MATERIALS

Animals
Fifteen adult female cynomolgus monkeys (Macaca fascicularis) were utilized for this set of experiments and were from the same group of animals utilized in the companion article to this study examining activity of the HPA axis in response to mild psychosocial and metabolic stress (28a). Monkeys were housed at the Oregon National Primate Research Center (ONPRC) in individual stainless steel cages (32 ϫ 24 ϫ 27 in.) in a temperature-controlled room (23 Ϯ 2°C) with lights on for 12 h/day (0700 -1900). Animals were fed two meals a day consisting of four high-protein monkey chow biscuits (no. 5047, jumbo biscuits; Ralston Purina, St. Louis, MO) at 0930 and 1530, and a supplement of one-quarter piece of fresh fruit was provided with the afternoon meal. Animals had their vaginal area swabbed daily to check for menses. The first day of menses was designated as day 1 of a menstrual cycle. Food intake, measured just before the next meal was fed, was recorded for each meal, and weight was measured weekly. All protocols and procedures were reviewed and approved by the Institutional Animal Care and Use Committee at ONPRC.
Catheterization
Each monkey had a chronic indwelling venous catheter placed in a subclavian vein under isofluorane anesthesia (VedCo, St. Joseph, MO). At surgery, the tip of the catheter was positioned in the right atrium of the heart, and the free end was routed subcutaneously to the back and threaded through a small cutaneous incision between the scapulae. To protect the catheter line, each animal wore a fitted nylon jacket connected to a 36-inch flexible metal tether that attached to a swivel mounted to the top of the monkey's cage (15) . Silastic tubing extended from the top of the swivel through a hole in the wall to a sampling syringe and stopcock in the adjacent room. This catheter system allowed for blood sampling and intravenous infusions without sedating or disturbing the animal while allowing the monkey free range of motion within the cage. Catheter lines were kept patent with a constant infusion of physiological saline (Baxter Healthcare, Deerfield, IL) containing heparin sodium (4 IU/ml) at a rate of ϳ100 ml/day. Weekly inspections of catheter systems and replacement of a sterile dressing covering the catheter exit site, to keep the exit site aseptic and prevent infection, were performed under Ketaset (10 mg/kg iv ketamine hydrochloride; Wyeth, Madison, NJ). Ketamine was never administered within 24 h preceding an experimental procedure.
Overall Study Design
Prior to the studies presented here and in the companion article to this study (28a), monkeys had been maintained in a stable social environment on their standard diet and had shown at least one normal menstrual cycle (control cycle 1), indicted by a peak luteal phase of progesterone of 2 ng/ml or higher (indicating ovulation), and a normal cycle length (25-38 days; Refs. 53 and 54). The timeline of the experiments presented in this study is shown in Fig. 1 . Experiment 1 (LH pulse frequency in a control nonstressed menstrual cycle, as described below) was conducted prior to assessment of stress-sensitivity and immediately following control cycle 1. Following completion of experiment 1, the animals underwent categorization for stress sensitivity of the reproductive axis, with the mild combined stress paradigm lasting for a two-cycle duration (stress cycles 1 and 2), as described below. When each monkey had exhibited at least one normal menstrual cycle following exposure to the mild combined stress paradigm (control cycle 2), experiment 2 or experiment 3 was conducted during the next cycle (experiments 2 and 3 were counterbalanced for order effects). Between experiments 2 and 3, each monkey had to show at least one normal menstrual cycle before progressing on to the next planned experiment.
Assessment of Stress Sensitivity
For each monkey, sensitivity of the reproductive axis to stress was categorized by assessing changes in menstrual cycle length, ovulation, and reproductive hormone secretion when monkeys were exposed to a mild psychosocial and metabolic stressor, as described previously (4 -6, 12-14, 16, 17, 28, 52) . This study was performed after each monkey had been living in its home cage surrounded by familiar monkeys for several months. To provide a standardized mild psychosocial stress, monkeys were moved on the first day of their menstrual cycle from their home cage to a single cage in a novel room, where they were surrounded by unfamiliar monkeys. As a metabolic stress, each animal's available caloric intake was reduced by 20%. Blood samples (0.6 ml/sample) were taken every other day to assess reproductive steroid hormone concentrations using the blood collection protocol described in experiment 1. Monkeys that mensed within 38 days subsequent to the initiation of stress were moved for a second stress cycle and remained on 20% lower calorie intake (53, 54) .
Animals were categorized as HSR if they presented a normal ovulatory menstrual cycle [25-38 days in length, peak E 2 Ͼ200 pg/ml in follicular phase, peak P 4 Ͼ2 ng/ml in luteal phase (53, 54) ] in stress cycle 1 and again in stress cycle 2. MSR animals were defined as those animals that presented a normal ovulatory menstrual cycle in response to stress cycle 1 but failed to mense by day 38 of stress cycle 2. Animals that immediately suppressed normal menstrual cyclicity upon exposure to stress (i.e., they failed to ovulate and mense within 60 days of stress cycle 1) were categorized as SS. Animals that exhibited disrupted menstrual cycles during this characterization of stress sensitivity (i.e., MSR and SS monkeys) were allowed to recover normal menstrual cyclicity before further experiments were resumed. For the experiments presented here, a combined group of MSR ϩ SS animals and an HSR group were studied in response to antalarmin treatment.
Experimental Protocols
Experiment 1: characterization of LH pulse frequency in a control menstrual cycle. On day 5 of a control, nonstressed menstrual cycle immediately following control cycle 1, blood samples (0.6 ml/sample) were collected into heparinized syringes every 15 min via the remote sampling system for 8 h beginning at 0900 and continuing until 1700. Progesterone was checked in the luteal phase of the preceding cycle to ensure that each animal was having a normal ovulatory menstrual cycle prior to this experiment (in control cycle 1). Samples were collected into heparinized syringes and placed in an empty sterile plastic centrifuge tube on ice. Samples were immediately centrifuged at 3,000 rpm for 15 min at 4°C, and plasma was pipetted into a plastic O-ring storage vial (containing 20 l of a solution composed of equal volumes of 30% sodium citrate and 1,000 IU/ml sodium heparin to prevent clotting of plasma proteins) and stored at Ϫ20°C until assayed. Red blood cells were sterilely resuspended and reinfused through the remote catheter system. Hematocrit was checked at intervals during the study and remained in the normal physiological range. This experiment was conducted prior to the categorization of stress sensitivity to accurately characterize LH pulse frequency prior to any exposure to stress.
Experiment 2: characterization of LH pulse frequency following acute exposure to mild combined stress. On day 1 of another menstrual cycle, each animal was moved at 0930 to a cage in a novel room, and its available caloric intake was reduced by 20%. One animal presented normal ovulatory menstrual cycles during the control period (control cycle 1) but failed to resume normal menstrual cycles following exposure to the mild combined stress paradigm within a period of 6 mo, and therefore, experiment 2 was scheduled after it was determined that the steroid hormones E2 and P4 were low (Ͻ50 pg/ml and Ͻ0.2 ng/ml, respectively), simulating an early follicular phase. Similar plasma levels of estrogen and progesterone were observed in all monkeys that were sampled on day 1 of a normal ovulatory menstrual cycle, and therefore, these monkeys were included in all analyses. Of note, mean plasma concentrations of estrogen and progesterone did not differ for measurements made on day 1 vs. day 5 in experiments 1 and 2. Beginning at 1000, blood samples (0.6 ml/sample) were collected for assessment of plasma LH concentration into heparinized syringes every 15 min via the remote sampling system, continuing until 1800 that day. Blood samples were collected and processed in an identical manner to that described in experiment 1. Upon completion of this experiment, the animal's diet was returned to normal, and it was kept in the new room to resume normal menstrual cyclicity.
Experiment 3: characteracterization of LH pulse frequency and HPA axis activity following acute exposure to mild combined stress with antalarmin pretreatment. On day 1 of another menstrual cycle, each monkey was again moved to a single cage in a novel room and placed on a reduced diet (20% reduction in available caloric intake) at 0930. The order of experiments 2 and 3 were randomized such that some animals were studied in the stress-alone condition (experiment 2) first, and others were studied in the stress-plus-antalarmin pretreatment condition first (experiment 3) to control for order effects. In experiment 3, animals were pretreated with 10 mg/kg iv antalarmin 15 min prior to the move to the novel room and receipt of the reducedcalorie morning meal. Intravenous antalarmin solution was dissolved in ethanol-cremophor-sterile water (5:5:90, vol/vol/vol; Refs. 10 and 27) and administered through the iv catheter at 9:15 AM. Beginning at 1000, blood samples (0.6 ml/sample) were collected into heparinized syringes every 15 min via the remote sampling system, continuing until 1800. Also beginning at 1000 and continuing every 2 h until 1800, blood samples (0.4 ml/sample) for ACTH and cortisol were collected and processed to measure the ability of a CRH-R1 antagonist to prevent the increase in cortisol secretion in response to mild combined stress, as was observed in MSR ϩ SS monkeys in the companion article to this study (28a) . Samples to be assayed for cortisol were collected and processed in a manner identical to those assayed for LH. Samples to be assayed for ACTH were collected into sterile plastic centrifuge tubes on ice containing 20 l of EDTA to prevent protein degradation. Samples were immediately centrifuged at 3,000 rpm for 15 min at 4°C, and plasma was pipetted into a plastic O-ring storage vial (containing 10 l of aprotinin), flash-frozen in a dry ice-ethanol bath, and stored at Ϫ20°C until assayed. At 1400, a second identical dose of antalarmin was administered based on literature reporting the half-life of antalarmin to be 7.82 h (27) . The use of this dosage is based on previous literature (10) and pilot studies in our laboratory indicating that the 10 mg/kg iv dose was most effective in suppressing the stress-induced rise in ACTH and cortisol.
Assays
Plasma LH was measured by RIA at the University of Pittsburgh assay core, as described previously (53, 54) , using recombinant cynomolgus monkey LH (National Hormone and Peptide Program, Harbor-University of California Los Angeles Medical Center, Torrance, CA) as a standard. The sensitivity of the LH assays was 0.063 ng/ml, and the intra-and interassay coefficients of variation for the LH assays used in these studies, as calculated from three low-, medium-, and high-concentration serum pool controls run in each assay, were 3.84 and 15.36%, respectively. LH pulses were identified using the Pulsar algorithm developed by Merriam and Wachter (42) (50) . The sensitivity of estradiol assays is 20 pg/ml, 0.2 ng/ml for progesterone, 10 ng/ml (1 g/dl) for cortisol, and 5 pg/ml for ACTH. For all hormone assays, values below the level of assay detectability were assigned the minimal detectable concentration in the assay. All quality control samples and validations, provided by the company, were analyzed each time before use for hormonal measurements in samples. The Immulite 2000 runs three quality control (QC) serum pools daily, and thus no specific intraassay QC data are available. The interassay coefficient of variation, reflecting variability in daily QC results over a period of 1.5 yr in which these assays were run, was as follows: ACTH 7.7%, cortisol 8.1%, estradiol 8.5%, and progesterone 9.4%.
Statistical analyses. There are substantial individual differences in the "normal" frequency of pulsatile LH release from the pituitary in both human and nonhuman primates (22) , which combined with the low sample size of a nonhuman primate study would lower the statistical power available to detect significant differences using parametric tests. Therefore, for all analysis of LH pulse frequency, Fisher's exact test was used, assigning a criterion of less than or greater than 4 pulses/8 h for nonparametric analysis based on work from Pohl et al. (46) finding a pulse frequency of Ͻ4 pulses/8 h as failing to induce ovulation in the nonhuman primate. One HSR and one SS monkey failed to complete experiment 3. Thus, these monkeys were excluded from within-subjects comparisons across the experimental series.
Plasma ACTH and cortisol response to mild combined stress with antalarmin pretreatment (experiment 3) was compared with ACTH and cortisol data in experiments 1 and 4 in in the companion article to this study with these same monkeys (24-h ACTH and cortisol in a nonstressed control menstrual cycle and in a cycle following exposure to mild combined stress, respectively) (28a). Samples were collected using the same procedures as in the companion article. Comparisons of ACTH and cortisol levels in control, stressed, and stress plus antalamin conditions were made using a mixed design repeatedmeasures ANOVA (repeated-measures design with between-groups comparison). Differences between groups were considered significant if P Յ 0.05. All statistical analyses were performed with SPSS version 15.0 statistical software (SPSS, Chicago, IL).
RESULTS
Six animals were categorized as HSR, five animals were categorized as MSR, and four animals were categorized as SS.
Experiments 1 and 2: Effects of Acute Stress on LH Pulse Frequency
In a normal, nonstressed menstrual cycle (experiment 1), SS monkeys (2.5 Ϯ 1.2 pulses/8 h; Fig. 2 ) showed a trend toward having lower LH pulse frequency than both MSR (7.6 Ϯ 1.5 pulses/8 h, P ϭ 0.06) and HSR monkeys (7.0 Ϯ 1.8 pulses/8 h, P ϭ 0.08). There were no group differences in either mean LH (F 2,12 ϭ 0.01, P ϭ 0.99) or LH interpulse interval (F 2,12 ϭ 1.28, P ϭ 0.31). Following acute exposure to mild combined stress (experiment 2), HSR monkeys (8.4 Ϯ 1.4 pulses/8 h) had higher LH pulse frequency than both MSR (1.4 Ϯ 1.2 pulses/8 h, P ϭ 0.00) and SS monkeys (2.0 Ϯ 1.2 pulses/8 h, P ϭ 0.01). There were no group differences in either mean LH (F 2,11 ϭ 1.56, P ϭ 0.25) or LH interpulse interval (F 2,11 ϭ 2.76, P ϭ 0.10).
When LH pulse frequency was compared within a group of monkeys during the control and stress cycles, HSR monkeys maintained a normal LH pulse frequency whether measured in a control, nonstressed menstrual cycle or in response to acute mild combined stress (control cycle: 7.00 Ϯ 1.81 pulses/8 h; stress cycle: 8.40 Ϯ 1.36 pulses/8 h; P ϭ 0.58; Fig. 3A) . SS monkeys maintained a low pulse frequency whether measured in a control, nonstressed menstrual cycle or in response to acute mild combined stress (control cycle: 2.50 Ϯ 1.29 pulses/8 h; stress cycle: 2.00 Ϯ 1.23 pulses/8 h; P ϭ 0.50; Fig. 3A) . However, MSR monkeys showed high LH pulse frequency in a control cycle (7.60 Ϯ 1.50 pulses/8 h; Fig. 3A ) but a significant suppression of LH pulse frequency when exposed to acute mild combined stress (1.40 Ϯ 1.19 pulses/8 h, P ϭ 0.02). When animals that became anovulatory in response to mild combined stress (MSR ϩ SS) were grouped [as in the companion article to this study (28a) ], this group showed a significant suppression of LH pulse frequency (control cycle: 5.33 Ϯ 1.29 pulses/8 h; stress cycle: 1.67 Ϯ 0.79 pulses/8 h; P ϭ 0.03; Fig. 3B ) in response to mild combined stress compared with the control cycle. Fig. 2 . Representative LH pulse patterns in 1 highly stress-resilient (HSR; A) and 1 stress-sensitive (SS; B) monkey over an 8-h period in the early follicular phase of a nonstressed, control menstrual cycle. *Pulses defined by PULSAR algorithm. C: mean LH pulse frequency measured in the early follicular phase of a nonstressed, control menstrual cycle in HSR, medium stress-resilient (MSR), and SS monkeys.
Experiment 3: Effect of Antalarmin on the HPA Axis and LH Pulse Frequency Response to Acute Stress
Pretreatment with 10 mg/kg iv antalarmin did not suppress ACTH or cortisol in any group [control cycle and stress cycle cortisol data taken from the companion article to this study (28a); Fig. 4 ]. In contrast, pretreatment with antalarmin prior to exposure to mild combined stress prevented the stress-induced suppression of LH pulse frequency in the MSR group (control cycle: 7.60 Ϯ 1.50 pulses/8 h, stress ϩ antalarmin cycle: 5.80 Ϯ 2.20 pulses/8 h, P ϭ 0.22; Fig. 5A ), but there was not a similar effect of antalarmin in the HSR or SS groups. Antalarmin also prevented the stress-induced suppression of LH pulse frequency in the combined group of animals that became anovulatory in response to mild combined stress (MSR ϩ SS; control cycle: 5.33 Ϯ 1.29 pulses/8 h; stress ϩ antalarmin cycle: 4.38 Ϯ 1.63 pulses/8 h; P ϭ 0.25; Fig. 5B ).
DISCUSSION
In this study, we report that in a nonstressed, control menstrual cycle, the most SS monkeys that quickly develop stressinduced amenorrhea have decreased LH pulse frequency compared with more stress-resilient animals, indicating that these individuals have decreased central drive to the reproductive axis even in the absence of overt stress. We also found that there is an acute effect of stress on the reproductive axis, as measured by acute suppression of LH pulse frequency following exposure to mild psychosocial and metabolic stress in some, but not all, monkeys. HSR animals showed no suppression of pulsatile LH secretion when exposed to acute stress. In contrast, acute exposure to mild combined stress caused MSR monkeys to suppress the frequency of pulsatile LH secretion to levels typical of SS monkeys. Interestingly, acute stress exposure did not lead to a further suppression of LH pulse frequency in SS monkeys that show LH secretory impairment even in nonstressed conditions. And when considered together, monkeys in which stress can lead to anovulation (i.e., MSR ϩ SS animals) showed a significant impairment of pulsatile LH secretion when acutely stressed. Importantly, pretreatment with the specific CRH-R1 antagonist antalarmin prior to exposure to mild combined stress was able to prevent acute stress-induced suppression of LH pulse secretion without suppressing activity Fig. 4 . Mean levels of plasma cortisol measured during daytime hours (1000 -1800) both in the early follicular phase of a control, nonstressed menstrual cycle (open bars) and in the same phase of a cycle with (gray bars) and without (black bars) antalarmin pretreatment prior to exposure to mild combined stress (move ϩ diet) in HSR, MSR, and SS monkeys (A) and in HSR vs. animals that became anovulatory in response to MSR ϩ SS (B). Control and stress cycle data reprinted from Fig. 5, A and B , of the companion article to this study (28a). Fig. 3 . LH pulse frequency measured during daytime hours (1000 -1800) both in the early follicular phase of a control, nonstressed menstrual cycle (open bars) and on the same day in a cycle with mild combined stress (move ϩ diet) in HSR, MSR, and SS monkeys (A) and in HSR vs. animals that became anovulatory in response to mild combined stress (MSR ϩ SS; B). *P Ͻ 0.05. of the HPA axis in MSR ϩ SS animals. Because antalarmin prevented a stress-induced suppression of LH pulse frequency without preventing stress-induced suppression of ACTH or cortisol secretion, these findings suggest that reproductive effects of antalarmin are likely to act through nonneuroendocrine mechanisms (i.e., not through suppression of the HPA axis) to regulate other neurotransmitter systems that modulate the activity of the reproductive axis.
The reported effects of antalarmin on reproductive function have been extremely limited. Antalarmin infusion into the amniotic sac, fetus, and jugular vein of pregnant ewes can delay preterm birth onset by suppressing the increase in fetal CRH normally associated with triggering parturition (18) . Interestingly, similar to our findings in this study, maternal cortisol did not differ between vehicle-and antalarmin-treated ewes in that study. However, the reproductive effects of antalarmin may not be all beneficial. Makrigiannakis et al. (39) reported that female rats treated with antalarmin showed a 70% decrease in implanted embryos in early pregnancy. This increase in early miscarriage with CRH-R1 receptor antagonism is thought to occur by inhibiting the apoptosis of activated T lymphocytes, a process that is normally induced by CRH in the uterus, thus protecting the fetus from T lymphocyte attack and maintaining early pregnancy (31). Although we report here that treatment with antalarmin is able to restore LH pulse frequency following stress exposure, the full reproductive effects at each level of the hypothalamic-pituitary-gonadal (HPG) axis and resulting outcomes for successful menstrual cyclicity, fertility, establishment, and maintenance of pregnancy remain to be fully studied.
The reported effects of antalarmin on HPA axis activation and stress-induced behaviors in rodents and primates are inconsistent. Some studies have reported that antalarmin blocks stress-induced cortisol and ACTH release (9, 51), whereas others have found no effect (55) . Interestingly, several groups have reported a blockade of stress-induced behaviors but not a blockade of activity of the HPA axis (23, 43) , and still others report that any effect of antalarmin on behavior or endocrine hormone secretion is dependent on both the strain (26) and behavioral measurement used (44) . Research has been more limited in primate species. Habib et al. (27) reported that orally administered antalarmin (20 mg/kg po) attenuated social stressinduced increases in ACTH, cortisol, and stress-related behaviors in male rhesus monkeys, a finding recently corroborated in the marmoset (24) . However, Ayala et al. (1) found that orally administered antalarmin did not attenuate stress-induced elevations in ACTH or cortisol but did reduce stress-related behaviors. Intravenously administered antalarmin was also reported to reduce CRH-induced elevations in ACTH, but not cortisol, at doses of 1.0, 3.2, and 10 mg/kg iv (10) . From these findings it is clear that the effects of antalarmin are dependent upon a variety of factors, including species, strain, dose, route of administration, and experimental procedure. It appears that such differences may exist even between various primate species. In this study, we found that treatment with 10 mg/kg iv antalarmin did not suppress the stress-induced increase in daytime cortisol reported in the companion article to this study (28a) . This finding was quite unexpected given that data from our pilot studies with antalarmin had indicated that intravenously administered antalarmin at a dose of 10 mg/kg iv did suppress both ACTH and cortisol in an acute psychological stress paradigm. It is likely that the different stressors used (exposure to a leather catch glove was used in the pilot study, and mild diet plus move to novel room was used in this set of experiments) made a substantial difference in the effects of antalarmin on ACTH and cortisol secretion. In the case of the pilot study, leather catch glove exposure was designed to imitate hand catching (48) . This is a significant stressor and was intentionally used to provide a condition in which it would be possible to detect suppression of stress-induced ACTH and cortisol by antalarmin. However, the combined stress of reduced diet plus move to a novel room used in this study is a much milder stressor leading to a smaller increase in ACTH and cortisol and may have contributed to the differential findings. Nevertheless, the finding that antalarmin was able to partially prevent the stress-induced suppression of LH pulse frequency despite a lack of an effect on either stress-induced ACTH or cortisol release indicates that the increased cortisol response to mild combined stress observed in MSR ϩ SS monkeys [as reported in the companion article to this study (28a)] is not causal to the acute stress-induced suppression of LH pulse frequency in these same monkeys. It is also interesting that female monkeys with different sensitivities to stress-induced reproductive dysfunction had differences in frequency of pulsatile LH secretion in a nonstressed condition as well as different responses of the central drive to the reproductive axis to stress. Monkeys that are resilient to stress-induced reproductive dysfunction have an LH pulse frequency typical of the frequency usually associated with the early follicular phase [i.e., ϳ1 pulse/h (45)]. In HSR monkeys, the circhoral release of LH was maintained even in response to acute mild combined stress. In contrast, SS monkeys had a slower LH pulse frequency, and therefore presumably decreased frequency of central GnRH release, even in the absence of overt stress. As expected, SS monkeys that had fewer than three pulses in the 8-h sampling period (i.e., 2 of the 4 SS monkeys) did not ovulate following experiment 1 in the nonstressed menstrual cycle following control cycle 1. This is in agreement with previous literature finding that a minimum pulse frequency threshold of three pulses in an 8-h period is necessary to induce ovulation in female monkeys (46) . Interestingly, exposure to acute mild combined stress did not further suppress LH pulse frequency in SS animals, possibly because of an already compromised GnRH pulse generator operating suboptimally in normal, nonstressed conditions. MSR monkeys that only lose menstrual cyclicity in response to prolonged exposure to stress had a circhoral LH pulse frequency in normal, nonstressed conditions but rapidly suppressed the frequency of pulsatile LH secretion in response to acute mild combined stress. This stress-induced suppression of pulsatile LH could reflect increased inhibitory input to the reproductive axis via increased GABA, CRH, or opioidergic mechanisms, decreased stimulatory input through serotonin or glutamatergic mechanisms, or both, since differences in several of these pathways have been reported in SS monkeys (5, 6, 16, 17) .
Previous work utilizing this animal model has characterized the secretion of reproductive steroid hormones in SS vs. stress-resilient monkeys and reported similar findings to what has been observed in women with stress-induced reproductive dysfunction vs. normally cycling women (4, 47) . Monkeys that are highly resilient to stress-induced reproductive dysfunction, like eumenorrheic women, develop normal preovulatory levels of circulating estradiol, even during menstrual cycles in which they were exposed to everyday life stresses (4). Our current finding that these highly stress-resilient monkeys have normal LH pulse frequency even in response to acute mild combined stress corroborates this and more fully characterizes the response of the HPG axis to stress as being highly resilient in these individuals. Previous studies in our laboratory also have shown that SS monkeys have low but preovulatory levels of estradiol that rapidly suppresses in response to mild combined stress, resulting in a loss of menstrual cyclicity (4). Our finding that monkeys sensitive to stress-induced reproductive dysfunction have decreased central drive to the HPG axis even in the absence of overt stress may account for the lower estradiol secretion. In this study we did not find that exposure to everyday life stresses further suppresses LH pulse frequency in these monkeys, which we attribute to the already slow pulsatile secretion of LH in normal conditions. However, it is possible that in a larger sample of SS monkeys a further suppression of LH secretion might be observed if the majority of animals completely suppressed LH secretion to nondetectable levels when exposed to stress. MSR monkeys that have been defined in this study and in previous studies by our laboratory as losing reproductive function only in response to prolonged exposure to everyday life stress (4) have a LH pulse pattern that resembles HSR monkeys in a normal, nonstressed menstrual cycle and SS monkeys in a menstrual cycle in which they were exposed to acute mild combined stress. This characterization of pituitary secretion of LH in control and stressed menstrual cycles also supports previously observed steroid hormone activity in MSR individuals (4). Medium stress-resilient monkeys typically have peak estradiol and progesterone levels comparable with those of highly stress-resilient monkeys in normal, nonstressed conditions as well as in response to short-term (1 menstrual cycle's length) exposure to mild combined stress. However, with repeated exposure to mild combined stresses (i.e., in a second menstrual cycle), they suppress secretion of both estradiol and progesterone to levels similar to what is observed in SS monkeys. Our finding that the medium stress-resilient monkeys have normal LH pulse frequency in a control, nonstressed follicular phase but rapidly suppress LH secretion to frequencies similar to that of SS monkeys corroborates these previous findings. It may be that medium stress-resilient monkeys are acutely affected in the early follicular phase by everyday life stresses but are able to recover throughout the remainder of the cycle to ovulate and have a normal cycle, unless this stress is prolonged. This acute response to mild combined stress and subsequent recovery is in contrast to that of SS animals that appear to not be able to recover from the effects of everyday life stresses and fail to have an ovulatory menstrual cycle.
The findings reported herein further support the validity of this nonhuman primate model of stress-induced reproductive dysfunction by indicating that reproductive disruption in SS monkeys occurs at least at the level of the pituitary. Furthermore, although we did report in the companion article to this this study (28a) that MSR and SS monkeys show an elevation of daytime cortisol in response to mild combined stress, but not in baseline nonstressed conditions or in acute reactivity to a single psychosocial stressor, our finding in this study that treatment with a specific CRH-R1 antagonist is able to prevent the acute stress-induced suppression of LH pulse frequency without blocking the aforementioned increase in daytime cortisol following stress further indicates that elevated HPA axis activity is not a primary neural mechanism underlying sensitivity to stress-induced reproductive dysfunction.
